Introduction the developing neocortex (Aprison et al., 1969; Neal, 1971) , suggesting that another endogenous ligand might In the spinal cord and brainstem, synaptically released activate cortical GlyRs. Taurine, which is known to actiglycine mediates fast synaptic inhibition by activating vate GlyRs (Schmieden et al., 1992; Hussy et al., 1997) , glycine receptors (GlyRs) that form chloride-selective is particularly abundant in the developing neocortex (Agrawal et al., 1971; Sturman et al., 1977 Sturman et al., , 1978 . Moreion channels (Krnjevic, 1981; over, levels of taurine acid decline significantly after 1995). On the basis of autoradiography with the GlyR early postnatal development (Sturman et al., 1977 (Sturman et al., , 1978 , antagonist strychnine, it has been thought that these consistent with a role for this amino in cortical developreceptors are absent from the cerebral cortex and other ment. Taurine can be released from immature cerebral rostral regions of the CNS (Frostholm and Rotter, 1985) .
cortex in response to depolarization by KCl (Collins and Indeed, activation of a different chloride-selective chan- Topiwala, 1974; Clark and Collins, 1976 ; Oja and Sarnel, the GABA A receptor, appears to be the sole mediator ansaari, 1992), tetanic electrical stimulation (Collins and of fast inhibitory synaptic transmission in the cerebral Topiwala, 1974; Kubo et al., 1992) , or hypoosmotic cortex (Connors et al., 1988; Jones, 1995) . Therefore, shock (Oja and Saransaari, 1992) . the notion that GlyRs are not expressed in the neocortex It therefore appears that GlyRs may play a novel physipersisted until the recent demonstration that cloned ologic role in the developing neocortex, but no direct GlyR subunits are expressed at high levels during early evidence exists for a functional transmitter system incortical development.
volving these receptors in the developing cortex. Here, Cloned GlyR subunits include the ligand-binding we show that GlyRs are functional on immature migrat-48-49 kDa subunits ␣1-␣4 (Betz et al., 1994; Matzen- ing and differentiating neurons in slices of embryonic bach et al., 1994) and a 58 kDa ␤ subunit (Grenningloh and early postnatal cortex. In contrast to the inhibitory et al ., 1990 ) that contributes to pore formation but does role of these receptors in the mature spinal cord, GlyR not bind known ligands. In situ hybridization studies activation in the developing neocortex is excitatory, have revealed that the ␣2 and ␤ subunits of the GlyR leading to increased synaptic activity and elevation of are expressed in rat cerebral cortex during early develintracellular calcium. We further demonstrate that GlyRs opment (Malosio et al., 1991) . While the ␤ subunit perare activated by a nonsynaptically released ligand and sists into adulthood, expression of the ligand-binding present evidence that taurine may be the endogenous ␣2 subunit declines sharply following the first postnatal ligand acting on cortical GlyRs. These data demonstrate the existence of a novel signaling system in early cortical development involving GlyRs. ‡ To whom correspondence should be addressed. (A1) Whole-cell patch-clamp recordings from postnatal neurons (P0-P4) demonstrate responses to the GlyR agonists glycine (1 mM, n ϭ 60/60) and taurine (1 mM, n ϭ 40/40). As shown, glycine currents slowly desensitize, whereas taurine currents do not. Both traces are in the presence of bicuculline (10 M) to block GABAergic synaptic activity. Below, the GlyR antagonist strychnine (30 M) blocks responses to both glycine (1 mM) and taurine (1 mM, n ϭ 15).
(A 2) Glycine and taurine currents crossdesensitize, demonstrating action at the same receptor. Taurine (1 mM) applied at the steady state of glycine-induced (1 mM) receptor desensitization produced a significantly attenuated current (19.1% Ϯ 11.1% of control taurine currents, p Ͻ 0.005, Student's t test), whereas no significant cross-desensitization was observed between glycine (1 mM) and GABA currents (87.4% Ϯ 17.7% of control).
(B 1) Neural precursor cells (neuroblasts) in the E19 ventricular zone (VZ) do not respond to either glycine (1 mM) or taurine (1 mM, n ϭ 8). In contrast, newly postmigratory neurons of the E19 cortical plate respond to both glycine (1 mM) and taurine (1 mM, n ϭ 12/12). 1B 2 ) responded to both glycine (1 mM) and taurine (1 mM) (Fig 1B 2 , n ϭ 4/4). To confirm expression in migratrecordings were made in intact slices of neocortex from neonatal rats (postnatal days P0-P4). All neurons examing bipolar neurons in the IZ, we performed immunostaining with a monoclonal antibody against the GlyR ␣ ined at these ages responded to focal application of either glycine (1 mM) ( Figure 1A1 , n ϭ 60/60) or taurine subunit (MAb-4a) (Becker et al., 1993) . Intense labeling was observed in neurons of the IZ ( Figure 1B2 ) and CP (1 mM) ( Figure 1A1 , n ϭ 40/40) in the presence of bicuculline to block GABAA receptors. Glycine responses slowly at E19. As expected, no staining was observed in VZ cells (data not shown). Similar to previous studies using desensitized, while taurine responses did not desensitize ( Figure 1A 1 ). Responses to glycine and taurine were MAb-4a in early postnatal neocortex (Becker et al., 1993) , we found that staining in the CP was sufficiently reversibly blocked by the GlyR antagonist strychnine (30 M) ( Figure 1A 1 , n ϭ 15). Cross-desensitization exdense to prevent visualization of single neurons in 50 m sections. However, labeling in the cell-sparse IZ allowed periments showed that receptor desensitization with glycine (1 mM) attenuated taurine responses (19.1% Ϯ cellular visualization and revealed GlyR protein expression that was restricted to the soma and leading pro-11.1% of control) but not responses to the amino acid neurotransmitter GABA (10 M) (87.4% Ϯ 17.7% of concess, as shown in Figure 1B 2 . Therefore, functional GlyRs first appear on migratory embryonic cortical neutrol), indicating that glycine and taurine indeed act at the same receptor to elicit currents in cortical neurons rons and continue to be expressed in the early postnatal cortex. Consistent with previous observations demon-( Figure 1A2 , n ϭ 4, p Ͻ 0.005 for Itaurine versus IGABA reduction).
strating a significant decline in the expression of GlyR ␣ subunit mRNA and protein (Malosio et al., 1991 ; Sato We next made whole-cell recordings from slices of embryonic neocortex to examine when functional GlyRs et al., 1992; Becker et al., 1993) in the neocortex following the first few postnatal weeks, we observed that upfirst appear during cortical neurogenesis. Neurons of the embryonic cortical plate (CP) at embryonic day 19 per layer pyramidal neurons at P28 had little or no response to glycine (1 mM) (n ϭ 8, data not shown). (E19) showed glycine and taurine responses in all cases ( Figure 1B 1 , n ϭ 12/12). In contrast, we found that proliferating neuroblasts of the embryonic ventricular zone
Properties of the Cortical Glycine Receptor
To characterize further the nature of the GlyR isoform (VZ) did not express functional GlyRs ( Figure 1B 1 , n ϭ  8 ). This pattern of functional expression suggested that expressed in developing neocortex, we analyzed basic channel properties, chloride permeability, and doseneurons might begin to express GlyRs once they leave (F) Dose-response curves for glycine and taurine and the dose-inhibition curve for strychnine in neonatal cortical neurons. In each case, the data were fit with the Hill equation. Half-maximal concentrations (EC 50/IC50) and Hill coefficients, respectively, were 0.9 mM and 1.4 for glycine, 1.1 mM and 1.8 for taurine, and 6.2 M and 2.2 for strychnine. response characteristics of the receptor. In outside-out ( Figure 2F , n ϭ 12). The affinities of these agonists, as well as that of the antagonist strychnine (IC 50 ϭ 6.2 M) patch-clamp recordings from neonatal and embryonic neurons, large amplitude channel openings were ob-( Figure 2F , n ϭ 6), are much lower than reported values for the GlyR expressed in the adult spinal cord (Takaserved in response to both glycine (100 M to 1 mM) and taurine (100 M to 1 mM) ( Figure 2A , n ϭ 20) , and hashi et al., 1992) . The low strychnine affinity of the cortical GlyR could explain the failure of autoradiograchannel activity was not observed when the agonists were applied in the presence of strychnine (30 M) (data phy to detect the presence of glycine receptors in the forebrain. not shown, n ϭ 4). Two prominent conductance states corresponding to 94 pS and 50 pS (Figures 2B and 2C) were observed in outside-out patches in response to Activation of Glycine Receptors in Neonatal Cortex Is Excitatory glycine or taurine. These conductances are similar to the main conductance states reported for neonatal spinal Immature cortical neurons have a high intracellular chloride concentration (Owens et al, 1996) . Thus, activation neurons and ␣2 channels expressed in Xenopus oocytes (Takahashi et al., 1992) . We then investigated whether of the chloride-conducting GABAA receptor is depolarizing in young cortical neurons and leads to rises in free neocortical GlyRs primarily conduct chloride, as is the case for known GlyR isoforms (Kuhse et al., 1995) . As [Ca 2ϩ ] i via voltage-gated calcium channel activation (Owens et al., 1996) . Glycine receptor activation would expected, at different values of [Cl Ϫ ] pipette , the reversal potential for glycine-evoked currents was very close to therefore be expected to have similar effects. In early postnatal neurons (P0-P4), glycine-induced inward curthe Nernst equilibrium potential for chloride ( Figure 2E , n ϭ 12). Finally, the dose-response characteristics of rents were accompanied by coincident increases in synaptic activity resulting from depolarization of local neuthe cortical GlyR were found to be similar for glycine and taurine (EC 50 ϭ 0.9 mM and 1.1 mM, respectively) rons ( Figure 3A , n ϭ 30). These fast inward currents
Long-Lasting Glycine Receptor Activation by Stimulation of Individual Cortical Neurons
To determine if GlyRs can be activated by an endogenous ligand released by local neurons, we investigated whether GlyRs could be activated by focal stimulation of early postnatal cortical neurons (P0-P4). Single-pulse minimal stimulation with a patch pipette placed in apposition to individual neurons (Bolshakov and Siegelbaum, 1995; Figure 5A ) evoked synaptic currents that were entirely blocked by antagonists of GABA and glutamate receptors (n ϭ 10, data not shown). The same lack of GlyR involvement in evoked synaptic transmission was tical neurons and found that application of bicuculline (50 M) to the slice reversibly abolished spontaneous synaptic events (data not shown, n ϭ 20, P0-P7). In with exponential decays (see inset, Figure 3A) were not contrast, recordings made under similar conditions from antagonized by intracellular application of the voltagethe ventral horn of the spinal cord at the same age show gated sodium channel blocker QX-314 (10 mM) via the a high frequency of spontaneous PSCs (sPSCs) that are pipette solution (n ϭ 8). As the majority of spontaneous relatively unaffected by bicuculline (50 M) but reverslocal synaptic activity in neocortical slices at P0-P4 is ibly abolished by strychnine (1 M) (data not shown, GABA-mediated (Owens et al., personal communican ϭ 3). tion), the increase in synaptic activity caused by GlyR
As certain forms of neurotransmission have been deactivation was largely due to synaptic GABAA receptor scribed that rely on repetitive depolarization (Vignes and activation and was blocked reversibly by bicuculline (50 Collingridge, 1997; Castillo et al., 1997) , and because M) ( Figure 3B , n ϭ 20). In the presence of tetrodotoxin tetanic stimulation has previously been shown to cause (TTX) (2 M), no significant increase in miniature posttaurine release from immature cortical slices (Collins synaptic currents (PSCs) was observed with glycine (1 and Topiwala, 1974; Kubo et al., 1992) , we examined mM) application (data not shown, n ϭ 5), demonstrating whether tetanic stimulation of local neurons could cause that the effect of glycine on cortical PSCs occurs via release of an endogenous GlyR ligand. Using focal stimdepolarization and action potential-dependent release.
ulation of individual neurons ( Figure 5A ), we found that These data demonstrate that glycine receptor activation tetanic stimulation (20-50 Hz, 5-10 pulses) in the preson GABAergic interneurons causes depolarization and ence of GABA and glutamate receptor antagonists could synaptic release of GABA.
produce large, long-lasting inward currents in nearby cells (n ϭ 25) that were reversibly blocked by strychnine Activation of Glycine Receptors in Neonatal (50 M) ( Figure 5C , n ϭ 6). Figure 5D , n ϭ 8). As GlyRs were not changes in slices using confocal microscopy and the involved in fast synaptic transmission, we next adcalcium indicator fluo-3. In the presence of bicuculline dressed whether these slow tetany-induced currents (50 M) to block GABAergic synaptic activity, applicamight be independent of conventional action potentialtion of glycine (1 mM) resulted in a prolonged rise in free and calcium-dependent release. We found that these [Ca 2ϩ ] i that was reversibly antagonized by strychnine (30 currents persisted in the presence of TTX (2 M), 0 m) in the majority of neurons in the slice ( Figure 4A , n ϭ [Ca 2ϩ ] o , and EGTA (2 mM) ( Figure 5E , n ϭ 6). These data 3 slices). Because GABAergic interneurons are greatly demonstrate that GlyRs in the early postnatal neocortex outnumbered by glutamatergic pyramidal neurons in are endogenously activated by nonconventional transcortex (Jones, 1995) , the rise in [Ca 2ϩ ]i observed in most mitter release from local neurons upon depolarization. cells in the presence of bicuculline (50 M) strongly suggests that glutamatergic neurons, in addition to GABAergic neurons, can be depolarized by glycine at Tonic Activation of Cortical Glycine Receptors The slow, TTX-insensitive GlyR currents elicited by focal this age. In some cases, calcium rises in response to glycine were observed in neurons loaded sufficiently stimulation suggested that depolarization might serve to enhance a low basal level of endogenous transmitter well with fluo-3 to establish pyramidal morphology (Figure 4B ). As expected, application of taurine (1 mM) in release and therefore that some neurons in the slice might display a tonic activation of GlyRs. Such tonic the presence of bicuculline (50 M) also produced longlasting rises in free [Ca 2ϩ ] i ( Figure 4C , n ϭ 5 slices). activation of neurotransmitter receptors in immature slices has been demonstrated for both GABA A receptors our observation that strychnine alone (50 M) applied to cells displaying spontaneous GABAergic PSCs caused (LoTurco et al., 1995; Brickley et al., 1996; Owens et al., personal communication) and NMDA-type glutamate an outward current without blocking the sPSCs ( Figure  6C , n ϭ 5). Therefore, early postnatal cortical GlyRs are receptors (LoTurco et al., 1991) . We therefore asked whether GlyRs are tonically activated at early stages of activated by an endogenous ligand that can be released tonically and can be released at higher levels following cortical development. In the presence of bicuculline (50 M), focal application of strychnine (50 M) produced repetitive depolarization. reversible outward currents in ‫%05ف‬ of neonatal neurons ( Figure 6A , P0-P2, n ϭ 11/21), indicating that many neurons in the slice are exposed to a tonic, slow release Evidence that Taurine Is the Endogenous Ligand Acting on Cortical of an endogenous ligand. Also, in immature neurons with very high input resistances (1-2 G⍀) in the cortical
Glycine Receptors
To address the hypothesis that taurine is the released plate of P0-P1 slices, spontaneous strychnine-sensitive GlyR channel activity was observed ( Figure 6B , n ϭ ligand acting on cortical GlyRs, we blocked cellular taurine uptake using guanidinoethylsulfinate (GES), a spe-5). Further confirmation that the action of strychnine in these experiments is specific to GlyR antagonism and cific inhibitor of sodium-taurine cotransport ( that is known to increase extracellular taurine concenHypoosmolarity is a trigger for taurine release from cells in many systems (Kwon and Handler, 1995; Santration in neocortical slices (Lehmann and Hamberger, 1984) . Focal application of GES (100 M to 1 mM) prochez- Olea et al., 1995; Conejero, 1997; Stutzin et al., 1997) , including immature cortical slices (Oja and Saduced large, slow inward currents that were reversibly inhibited by strychnine (50 M) ( Figure 7A , n ϭ 40). GES ransaari, 1992 GES ransaari, , 1996 ). We therefore further tested the hypothesis that taurine is the endogenous ligand acting currents were not altered by coapplication of DNQX (10 M), AP-5 (50 M), and bicuculline (10 M) to block at the cortical GlyR by focally applying low osmolarity artificial cerebrospinal fluid (ACSF) to early postnatal glutamate and GABA receptors (data not shown, n ϭ 5). GES had no direct action on the GlyR itself, as shown (P1-P4) slices during whole-cell recordings in the presence of DNQX (10 M), AP-5 (50 M), and bicuculline (10 by application of the drug to outside-out patches containing GlyRs ( Figure 7B , n ϭ 7), suggesting that GES-M). Hypoosmolar ACSF (110 mOsm) produced large inward currents that lasted several seconds before reevoked currents during whole-cell recording result from an accumulation of taurine in the extracellular space.
ducing to a low level of noise that was greater than baseline noise prior to hypoosmolar treatment (Figure To address whether the GES-evoked GlyR current also occurred by nonconventional transmitter release mech-7D, n ϭ 12). When strychnine was applied to the slice prior to and during hypoosmolar treatment, inward curanisms, we coapplied TTX (2 M), 0 [Ca 2ϩ ] o , and EGTA (2 mM), finding that GES-evoked currents persisted (Figure rents were never observed ( Figure 7F , n ϭ 5), and when strychnine was focally applied during the latter phase 7C, n ϭ 5). Therefore, inhibition of taurine reuptake, like focal tetanic stimulation, produces long-lasting GlyR of the response, an outward current with a decrease in the noise was always observed ( Figure 7E , n ϭ 6). Thus, activation that is not dependent on synaptic release. (A) Blockade of taurine uptake into cells via high affinity sodium/taurine transport with the specific inhibitor guanidinoethylsulfinate (GES, 100 M) produced slow, nondesensitizing currents during whole-cell recording that were reversibly antagonized by strychnine (50 M, n ϭ 40), demonstrating that endogenous taurine can act on the cortical GlyR. (B) GES (100 M to 1 mM) did not gate GlyR channels in outside-out patches containing GlyRs (n ϭ 7), suggesting that the GESevoked GlyR currents in whole-cell recordings are indeed the result of taurine reuptake blockade. hypoosmolar shock causes release of an endogenous and fibers in the embryonic IZ. Cortical GlyRs are activated by both tonic-and tetany-induced release of an ligand that activates the cortical GlyR.
For taurine to be the ligand released following neuendogenous ligand, and inhibition of taurine reuptake ronal stimulation, it must be stored in the early neocortical neurons we stimulated. While it is known that taurine can be accumulated by GES-sensitive high affinity sodium/taurine uptake (Kishi et al., 1988) and synthesized de novo by immature cortical neurons in culture, a direct demonstration that taurine is found in immature cortical neurons in situ has not been made. Therefore, to determine if taurine is localized to neocortical neurons at the ages studied, we performed immunohistochemistry with a specific antibody against taurine (Lu et al., 1991) . As expected, intense taurine immunoreactivity was localized to neurons of the embryonic (E19) and early postnatal (P2) cortical plate (Figure 8) . These results show that at the ages we studied, high levels of taurine are stored in neocortical neurons. Additionally, within the IZ, where newly postmitotic migrating neurons were found to express GlyRs, taurinecontaining fibers were abundant (Figure 8 ). Taken together, the above evidence from inhibition of taurine reuptake, hypoosmolar treatment, and immunocytochemistry supports the hypothesis that the endogenous ligand acting at the GlyR in immature neocortex is taurine. cortex and is localized to neurons of the cortical plate or treatment with hypoosmotic ACSF enhances endogeet al., 1996; Ohkuma et al., 1996) . Although our data show that the endogenous GlyR ligand is released in nous GlyR activation. These data demonstrate that GlyRs depolarize neurons in response to a nonsynaptithe absence of action potentials and extracellular calcium, and therefore appears to be an extrasynaptic recally released ligand and suggest that taurine is the lease process, a more precise characterization of this endogenous ligand acting at cortical GlyRs.
Discussion
process awaits more data at the molecular level. In addition to the evidence presented here that taurine A transmitter role for taurine acting on GlyRs in the is the most likely endogenous ligand at the cortical GlyR, brain is supported by recent work on vasopressin neudata on the relative abundance of glycine and taurine rons in the hypothalamus. Taurine, which is stored in support this hypothesis. Taurine is ‫-4ف‬fold more abunglial cells in the supraoptic nucleus, is released by hypodant in the cerebral cortex than it is in the spinal cord osmolarity and activates GlyRs on vasopressin neurons, (Sturman et al., 1978) , and the concentration of taurine inhibiting neuronal firing and decreasing release of the in the developing cortex is comparable to that of the antidiuretic hormone (Hussy et al., 1997) . Although these neurotransmitter glutamate (Agrawal et al., 1971 ; De data clearly show that taurine can act as a neurotransBelleroche and Badford, 1973; Sturman et al., 1978) . In mitter in the brain, several interesting differences exist contrast, glycine is much less abundant in the cortex between the system described in the hypothalamus and than in the spinal cord (Aprison et al., 1969; Neal, 1971) , that described here, including the source of potential and levels of glycine are more than 10-fold less abundant taurine release (glial cells versus neurons), the likely than glutamate in the cerebral cortex (Aprison et al., natural mechanism for release (osmolarity changes ver-1969; Neal, 1971; Smith et al., 1975) . As expected, glysus depolarization), and the end result of GlyR activation cine immunoreactivity is very high in the spinal cord (inhibition versus excitation). (van den Pol and Gorcs, 1988; Clements et al., 1990) In summary, we have demonstrated the existence of but very low in cerebral cortex (van den Pol and Gorcs, a novel neurotransmitter system in the developing cere-1988). The glycine reuptake transporters GLYT1 and bral cortex that involves nonsynaptic activation of GLYT2 are also expressed at much lower levels in the GlyRs. Our data support the hypothesis that taurine is developing forebrain than in the brainstem and spinal the endogenously released ligand acting on cortical cord of developing or adult rats (Zafra et al., 1995) . In GlyRs. A transmitter role for taurine acting on GlyRs may contrast, the taurine reuptake transporter is highly exhelp to explain earlier observations concerning taurine pressed in the rat neocortex (Smith et al., 1992) . While deprivation in the developing mammalian neocortex. it is possible that the low levels of glycine in the cerebral Taurine deprivation of kittens in utero leads to low brain cortex are sufficient to activate the high affinity glycine weight and an apparent disruption of normal cortical site of the NMDA receptor, the low affinity of the cortical migration and differentiation (Palackal et al., 1986 ; SturGlyR characterized here makes it highly unlikely that man, 1986). Our data suggest that this dramatic effect glycine contributes to GlyR activation in the developing may be due to a disruption of the normal transmitter cortex. In fact, it has recently been argued that glycine signaling mediated by taurine and GlyRs during cortical levels in the developing forebrain might be insufficient development. Given that depolarization-mediated intraeven to activate the NMDA receptor glycine site, and cellular calcium increases during development have that another ligand at this site, D-serine, is a more likely been associated with migration (Komuro and Rakic, candidate (Schell et al., 1997) .
1992; Komuro and Rakic, 1996) and differentiation Endogenous activation of GlyRs in developing neo- (Kocsis et al., 1994; Solem et al., 1995) , it is possible that cortex appears to occur via release mechanisms that are the excitatory and calcium-elevating action of taurine on distinct from action potential-and calcium-dependent cortical GlyRs plays a role in these processes. As the modes of neurotransmitter release. This observation is expression of taurine and GlyRs during neocortical dein accord with recent data suggesting that taurine revelopment occurs during the peak of synaptogenesis, lease from cultured cortical neurons and slices can ocit may be that GlyR signaling plays a role in synapse cur without extracellular calcium Oh- formation or stabilization by providing a nonsynaptic kuma et al., 1996) . In a variety of cell types, distinct excitatory drive during early neuronal life. transport processes mediating taurine accumulation and extrusion appear to coexist (Kwon and Handler,
Experimental Procedures
1995; Oja and Saransaari, 1996) . High affinity taurine uptake in the brain appears to be mediated by a 12 Electrophysiology transmembrane domain sodium/taurine cotransporter Timed pregnant Sprague-Dawley rats were used for all electrophysiological experiments, and in the case of postnatal experiments, the with homology to other neurotransmitter transporters, day of birth was defined as postnatal day 0 (P0). As previously consistent with a role for this amino acid in transmitter described (Owens et al., 1996) , standard methods were used for signaling (Smith et al., 1992) . The mechanism that might preparation of embryonic and postnatal neocortical vibratome account for taurine efflux from early postnatal neocortislices. The extracellular ACSF solution contained (in mM) : NaCl, 125;  cal neurons in response to depolarization and/or hypo- KCl, 5; NaH2PO4, 1.25; MgSO4, 1; CaCl2, 2; NaHCO3, 25; and reversal of the sodium/taurine uptake mechanism (Chen solution. Patch-clamp recordings were made either by the "blind were stored digitally on a Macintosh computer with a frame grabber (Scion). method" (Blanton et al., 1989) , with the slice visualized under a dissecting microscope with fiber optic transillumination, or by infrared differential interference contrast videomicroscopy (IR-DIC; Dodt Immunocytochemistry and Zieglgansberger, 1990) using an Olympus BX50WI microscope Rat neocortex at E19 and P2 was fixed by transcardial perfusion (60ϫ objective). Voltage-and current-clamp experiments were perwith 4% paraformaldehyde for GlyR antibody or with 2% paraformalformed using an EPC-9 patch-clamp amplifier (Heka Electronic) condehyde/2.5% glutaraldehyde for taurine antibody and postfixed trolled by a Macintosh computer running Pulse v. 8.0 software (Heka overnight prior to vibratome sectioning at 50 m. GlutaraldehydeElectronic). Liquid junction potentials for all solutions used were fixed sections were pretreated with 0.5% sodium borohydride for determined empirically using an agar bridge ground by the method 30 min and washed extensively in PBS. Immunocytochemistry was of Neher (1992) and corrected post hoc. I-V relationships in whole performed using the Biotin/Avidin system (Vector Laboratories). cell and channel recordings were determined with voltage-gated Sections were first treated in 0.3% H2O2 in water for 30 min. For the potassium channels blocked by cesium and voltage-gated sodium GlyR monoclonal antibody MAb-4a (kindly provided by Dr. Joachim channels inactivated by voltage clamps to 40 mV (2 s). I-V data were Kirsch), sections were blocked in 20% NGS for 1 hr and incubated fit by a line, and dose-response curves were fit by the Hill equation in biotinylated secondary antibodies (Vector Laboratories) at 1:300 IR-DIC using a 2-3 M⍀ patch pipette filled with ACSF. An interstimufor 1 hr, placed in ABC reagent (Vector Laboratories) for 30 min and lus interval of no less than 80 s was used to prevent response fatigue in peroxidase substrate solution (Vector Laboratories) until stained, (Kriegstein et al., 1987) . Tetanic stimulation consisted of 5-10 pulses and then mounted and coverslipped with Aqua-mount (Lerner Laboat 50 Hz. Interstimulus intervals for tetanic stimulation were no less ratories). Sections were washed in PBS two to three times between than 5 min. Cross-desensitization experiments were performed by each step. For both taurine and GlyR immunocytochemistry, control repeatedly applying taurine (1 mM) or GABA (10 M) to neurons sections treated in an identical fashion without addition of primary voltage-clamped at Ϫ60 mV to establish baseline current responses.
antibody produced no cellular staining. Glycine (1 mM) was subsequently applied until the current desensitized to a steady state, and taurine or GABA were then applied in the Acknowledgments presence of glycine. Current amplitudes for applications of taurine or GABA in the presence of glycine were measured from the glycineWe thank Dr. Barry Connors and Dr. Qais Al-Awqati for helpful desensitized steady state to the maximum inward current. Unless discussions of the work presented in this paper. We also thank Dr. References scanning confocal attachment. Excitation was at 488 nm and emissions were collected using a 515 nm long-pass emission filter. NeuAgrawal, H.C., Davison, A.N., and Kaczmarek, L.K. (1971) . Subcellutral density filters were used to filter the argon laser light to ‫%1ف‬ lar distribution of taurine and cysteinesulphinate decarboxylase in to minimize photobleaching. Images were acquired by averaging developing rat brain. Biochem. J. 122, 759-763. three frames (one/s) every 7 s on an IBM-compatible computer Aprison, M.H., Shank, R.P., and Davidoff, R.A. (1969) . A comparison running Comos acquisition software (Bio-Rad). Fluorescence microof the concentration of glycine, a transmitter suspect, in different graphs were digitized and relative changes in [Ca 2ϩ ]i were measured areas of the brain and spinal cord in seven different vertebrates. using NIH Image software on a Macintosh computer. The slices Comp. Biochem. Physiol. 28, 1345-1355. were visualized and perfused with drug-free ACSF while three imBecker, C.M., Betz, H., and Schroder, H. (1993) . Expression of inhibiages were averaged to obtain the baseline value F. Each subsequent tory glycine receptors in postnatal rat cerebral cortex. Brain Res. image during drug application and washout was processed and 606, 220-226. expressed as a percentage change in fluorescence over baseline fluorescence (%⌬F/F). . Structure and function of inhibitory glycine receptors. Quart. Rev. Biophys. 25, 381-394.
Pharmacological Agents
Betz, H., Kuhse, J., Fischer, M., Schmieden, V., Laube, B., Kuryatov, Glycine, taurine, bicuculline, GABA, and DNQX were obtained from A., Langosch, D., Meyer, G., Bormann, J., Rundstrom, N., et al. Sigma. Strychnine, D-AP5, and QX-314 were obtained from RBI.
(1994). Structure, diversity and synaptic localization of inhibitory Fluo-3AM was obtained from Molecular Probes. GES was obtained glycine receptors. J. Physiol. (Paris) 88, 243-248. from Toronto Research Chemicals. Concentrated stock solutions in Blanton, M.G., Lo Turco, J.J., and Kriegstein, A.R. (1989) . Whole cell dH 2O or DMSO (DNQX) were stored at Ϫ20ЊC and diluted to the recording from neurons in slices of reptilian and mammalian cerebral appropriate concentration in ACSF immediately prior to use. Taurine cortex. J. Neurosci. Methods 30, 203-210. and GES solutions were made in ACSF on the day of the experiment.
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